This study aimed to develop a label-free, sensitive, selective, and environment-friendly fluorescent peptide probe His-His-Trp-His (HHWH) for determining the concentration of copper ion (Cu 2+ ) in aqueous solutions. The results demonstrated that the designed HHWH has a high selectivity and sensitivity for monitoring the concentration of free Cu 2+ via quenching of the probe fluorescence upon a binding of Cu 2+ . The fluorescence intensity of the HHWH had a linear relationship with the concentration of Cu 2+ between 10 nM and 10 μM, and the detection limit was 8 nM. Furthermore, HHWH could be regenerated with sulfide ions at least five times. The concentrations of Cu 2+ in three different real water samples were detected using this probe, and the results were consistent with the one detected using an atomic absorption spectrometer. Thus, HHWH can be used as an accurate and feasible fluorescent peptide probe for detecting Cu 2+ in aqueous solutions.
Introduction
Copper plays an important role in the fields of chemical, biological, and environmental systems. It is an essential trace element for both plants and animals, including human beings. 1 As the third-most abundant ion (after ferric and zinc ions), copper plays important biological roles in human bodies, such as enzyme cofactors, structural components of proteins, and so on. 2, 3 It is an essential metal at the trace level, but its excess is linked to environmental contamination and human diseases. An elevated concentration of copper, which exists as free copper ion (Cu 2+ ), is toxic to bacteria or aquatic organisms, and can hamper the self-purification capability of the sea or rivers. 4 Thus high concentration of copper can destroy the biological reprocessing systems in water. For human beings, an excessive intake of Cu 2+ is harmful, and can cause copper-transport diseases (e.g., Wilson disease and several neurological disorders). [5] [6] [7] [8] [9] Therefore, looking for facile techniques that will enable professionals to monitor the concentration of Cu 2+ in environmental, water, and drinking water samples are of considerable significance for protecting the environment and human health. [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] A variety of techniques have been developed and used for detecting Cu 2+ at trace quantity levels in various samples. 21 Among these techniques, absorption/emission spectroscopy 22 and inductively coupled plasma-mass spectrometry (ICP-MS) 23, 24 are arguably the most common for determining the concentration of the total copper in a sample of interest. However, unless coupled with other techniques (e.g., highperformance liquid chromatography), 25 ICP-MS cannot differentiate free Cu 2+ from its complexed counterparts. Moreover, a instrument for atomic spectroscopic techniques is more complex and expensive than that for others such as anodic stripping voltammetry, 26, 27 which is simple and can simultaneously determine over a dozen of amalgam-forming metals at nanomolar levels. 28 New methods for determining the concentration of Cu 2+ are always highly desirable for copper speciation (e.g., differentiation of weakly bound Cu 2+ from its strongly complexed counterparts and free Cu 2+ ) with fluorescence spectroscopy. 29 Thus, various organic fluorescent probes were synthesized for determining the concentration of Cu 2+ . 30 ,31 A quinoline-indene derivative was described by Ballesteros and coworkers, 32 and a julolidine-thiocarbonohydrazone compound was synthesized for determining the concentration of Cu 2+ with a detection limit of 1.0 μM. 33 However, these organic fluorescent probes have a poor solubility in aqueous solutions, and the micromolar detection limit is insufficient for measuring ultratrace amounts of Cu 2+ in water. To improve the solubility of fluorescent probes, a sulfonamide-based probe containing a dansyl fluorophore was synthesized for detecting Cu 2+ in aqueous solutions. This probe displays a detection limit of 0.3 μM. 34 A CdTe quantum dots-enzyme hybrid system was devised by Dai's group for determining the concentration of Cu 2+ in aqueous solutions, with a detection limit of 2.75 nM. 35 However, these fluorescent probes need complex synthesis processes, and are toxic to organisms. Thus, fluorescent peptide probes were developed for determining the concentration of Cu 2+ . Most of these probes consisted of a metal binding site (receptor) and a signal transduction site (fluorophore). Lee's group developed a dansyl-labeled peptide probe for determining the concentration of Cu 2+ with a micromolar detection limit. 36 A coumarin-labeled peptide probe was developed for determining the concentrations of Cu 2+ and sulfide ion (S 2-). 37 Wu's group developed a 6-carboxyfluorescein labeled HGGG for Cu 2+ determination, but the linear range and detection limit of their method were not reported, and no real sample was investigated using the method. 38 To develop the water soluble and label free peptide probes, Horng's group synthesized two 12-residue peptides HP7-H2H11 and HP7-H1H12. These peptides detected Cu 2+ and Hg 2+ in the range of 0.6 to 1.0 μM, and could not distinguish Cu 2+ from Hg 2+ . Thus the Cu 2+ concentration in real samples could not be detected using this method. 39 In this study, a label-free, sensitive, selective, and environmentfriendly fluorescent peptide probe His-His-Trp-His (HHWH) was developed for determining the concentration of Cu 2+ in an aqueous solution. With the Cu 2+ binding sites (three Histidine residues) and a strong fluorescent tryptophan residue, the concentration of Cu 2+ can be obtained with the quenched fluorescence intensity of HHWH, which was induced by the binding of Cu 2+ to the HHWH probe. The constructed probe was used for determining the concentration of Cu 2+ in real water samples.
Experimental

Reagents and chemicals
Wang resin, Fmoc-protected amino acids, diisopropylcarbodiimide, 1-hydroxybenzotriazole, and piperidine were purchased from Anaspect Inc. (San Jose, CA, USA). The standard stock solutions of copper were purchased from the National Research Center for Certified Reference Materials of China (Beijing, China).
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), cupric sulfate (CuSO4), and other chemicals were acquired from Sigma Chemicals (MO, USA). All the aqueous solutions were prepared using water purified by a Simplicity Water Purification System (Millipore, MA, USA) to a resistivity of 18 MΩ·cm.
Peptide synthesis HHWH was synthesized via solid-phase Fmoc chemistry on a Symphony Quartet peptide synthesizer (Protein Technologies, Tucson, AZ, USA). The Fmoc groups were deprotected with 20% piperidine in dimethylformamide (v/v) after the coupling reaction had proceeded for 30 min. Upon dehydration on a freeze dryer (VirTis Benchtop K, Warminster, PA, USA), the crude product was purified by semipreparative reversed phase (RP) HPLC (Shimadzu 6AD, Columbia, MO, USA) using a column (Jupiter-10-C18-300, 10 mm i.d. × 250 mm) from Phenomenex (Torrance, CA, USA). The eluents were 0.1% trifluoroacetic acid in water (v/v, mobile phase A) and 0.1% trifluoroacetic acid in acetonitrile (v/v, mobile phase B). At a flow rate of 4.75 mL/min, a purification of HHWH was accomplished with a linear gradient of 10 -65% phase B for 14 min. The purity of the synthesized peptides was verified by HPLC and electrospray-mass spectrometry (ES-MS).
Sample preparation
An HHWH stock solution (0.2 mM) was prepared by directly dissolving the lyophilized solid samples in deionized water. They were then diluted with 10 mM HEPES buffer (pH 7.4) to the desired concentration. For pH influence studies, pH adjustments were made using NaOH and HCl (0.1 M) to avoid possible fluorescent interference from buffers. The Cu 2+ stock solution (1 mM) was prepared by dissolving 15.96 mg CuSO4 in 100 mL 1 mM sulfuric acid (H2SO4) solution. For selectivity studies, 1 mM stock solutions of various metal ions were prepared by dissolving ferric chloride (FeCl3), zinc sulfate (ZnSO4), nickel chloride (NiCl2), magnesium chloride (MgCl2), manganese chloride (MnCl2), cobalt chloride (CoCl2), cadmium chloride (CdCl2), cesium sulfate (CsSO4), sodium chloride (NaCl), potassium chloride (KCl), and calcium chloride (CaCl2) in 10 mM H2SO4. Stocks of mercuric chloride (HgCl2), barium chloride (BaCl2), chromium chloride (CrCl3), and lead chloride (PbCl2) solutions (50 μM) were prepared freshly with 50 μM HCl solutions. S 2- was prepared freshly with Na2S solid.
UV-Visible spectroscopy
UV-Vis measurements were performed using a Cary 100 UV-vis spectrometer (Varian Inc., CA, USA).
Fluorescence spectroscopy
Fluorescence measurements of HHWH peptide solutions were carried out at room temperature using an F-4600 spectrofluorometer (Hitachi, Japan). An excitation wavelength (λex) of 280 nm was used, and an emission peak was recorded at 353 nm for HHWH. Both the entrance and exit slits had a width of 5 nm. Fluorescence measurements were performed three times, and the standard deviation was plotted as an error bar.
The quantum yield (f) of HHWH was determined using the following expression:
where FHHWH and FTrp are the fluorescence emission intensities of the HHWH samples and the reference, which is tryptophan (Trp) dissolved in 10 mM HEPES buffer (pH 7.4). AHHWH and ATrp are the absorbance values at 280 nm of the HHWH samples and the tryptophan solutions, respectively, whereas fHHWH and fTrp are the quantum yields of the respective solutions.
Determining the concentration of Cu 2+ in real samples HHWH (10 μL, 200 μM) was added into the HEPES (188 μL, 10 mM, pH 7.4) buffer, and then a real sample (2 μL) was added into the mixture. The fluorescence intensities of the resulting mixtures were recorded. Each experiment was repeated three times.
Atomic absorption spectroscopy measurements
To assess the accuracy of the method, the real samples were also analyzed using an atomic absorption spectrometer (AAS, NOVAA350; Analytik Jena AG, Jena, Germany). The lamp current was operated at 3.0 mA, and the spectral bandwidth was set at 1.4 nm. The analytical wavelength was set at 324.8 nm. The working standard solutions were prepared daily through a stepwise dilution of the standard stock solutions using 0.5% (v/v) nitric acid (HNO3). All containers and glassware for the AAS test were cleaned by soaking them in 5 M HNO3 for at least 24 h and rinsing three times with deionized water prior to use.
Results and Discussion
Characterization and structure of HHWH fluorescent probe
With the Cu 2+ binding sites (three Histidine residues) and a strong fluorescent tryptophan residue, the peptide probe (HHWH) was synthesized with the Fmoc (9-fluorenylmethoxycarbonyl) solid phase peptide protocol. 37 Curve (a) in Fig. 1A corresponds to the fluorescence spectrum of the HHWH probe, which clearly exhibits an emission peak at 353 nm. The quantum yield (f) value of HHWH was 0.194 (cf. f value calculation in Eq. (1) . With the addition of Cu 2+ , the tryptophan fluorescence of the probe was decreased. This behavior was highly comparable to the other Cu 2+ -bound peptides, such as amyloid beta (1 -42) . 40 This is because the nitrogen of the imidazole ring of histidine provides the coordination sphere to Cu 2+ (Fig. 1B) . The three His residues, which were from two HHWH, molecules simultaneously participate in a stable and tight Cu 2+ binding. 40 The binding of Cu 2+ to the HHWH probe resulted in the quenched fluorescence. Furthermore, the dependence of fluorescence intensity on the concentration of Cu 2+ indicated that the HHWH probe can be considered as a fluorescent probe for determining the concentration of Cu 2+ . 41 
Influence of pH on Cu 2+ determination with HHWH fluorescent probe
The pH of the solution played an important role on the fluorescence intensity of HHWH. The influence of pH on the fluorescence intensity of HHWH was shown in Fig. 2A . When the pH was below 8.5, the fluorescence intensity of HHWH increased with the raise of pH. When the pH was equal or above 8.5, the fluorescence intensity of HHWH was at its highest value and relatively stable. According to Laane, 42 the effect of pH on the fluorescent intensity is probably due to the alteration of the molecular orbital of the excitable electrons. This also could be the consequence of ionization status of the fluorescent molecules at different pH. As shown in Fig. 2B , after addition of Cu 2+ , the fluorescence intensity of HHWH has a significant change (fluorescence intensity of HHWH changed from 1083 to 436.43) only at pH value of 7.4. Thus, pH 7.4 was selected for the assay. One possible explanation was that at pH 7.4, the ionization status of HHWH could provide a more stable and tight coordination sphere binding to Cu 2+ . 43 
Selectivity of HHWH
The selectivity of HHWH to Cu 2+ was assessed against common metal ions. In this plot, the fluorescence signal of HHWH in the presence and absence of metal ions was investigated (Fig. 3A) .
By adding an excessive amount (500 μM; Fig. 3A ) of potentially interfering cations, no noticeable changes were found in the fluorescence intensity of HHWH. Among the ions examined, only Cu 2+ , mercury ions (Hg 2+ ), and nickel ions (Ni 2+ ) displayed noticeable fluorescence quenching at equal amounts of HHWH (10 μM; Fig. 3A) . The affinity of Ni 2+ and Hg 2+ toward the HHWH is not surprising, since the three histidine residues in HHWH should help ligate these metal ions. Fortunately, at 10 μM, the fluorescence quenched by Cu 2+ was around 60.3% (Fig. 3A , fluorescence intensity of HHWH decreased from 1083.00 to 436.63), while that by Ni 2+ (fluorescence intensity was 821.72.) and Hg 2+ (fluorescence intensity was 876.01.) was only 24.1 and 19.1%, respectively (Fig. 3A) . According to the World Health Organization standard, the concentrations of Ni 2+ and Hg 2+ in domestic water were 0.3 μM and 5 nM, respectively, which were much lower than the concentrations used in this study. Thus, the present of small amount of Ni 2+ and Hg 2+ in real water sample will not interfere with Cu 2+ determination. Moreover, the fluorescence intensity of the HHWH was also investigated in the presence of Cu 2+ and other metal ions. As shown in Fig. 3B , no obvious changes of the fluorescence intensity were observed in the presence of other metal ions when compared with Cu 2+ alone. These results indicated that the other metals do not interfere with the Cu 2+ detection when they are present in solution. The present study results, therefore, demonstrate that HHWH has a high selectivity to Cu 2+ , and it is a viable probe for determining the concentration of Cu 2+ in domestic water samples.
Quantitative measurement of Cu
2+ in buffer The dependence of fluorescence intensity of HHWH on the concentration of Cu 2+ was studied. As shown in Fig. 4 , the fluorescence intensity decreased with the increasing Cu (Fig. 4, insert) . The detection limit (3σ) of HHWH for detecting Cu 2+ was estimated to be 8 nM (n = 3). This value is 1 -2 order lower than other fluorophore-labeled peptide probes. 41 
Reversibility of HHWH
Reversibility and regeneration are also important factors for developing devices for sensing analytes in practical applications. Owing to that the S 2-can be coordinated with Cu 2+ to form a highly stable species CuS, which has a much lower solubility product constant (Ksp =1.27 × 10 -36 ), the addition of S 2-could release HHWH from the HHWH-Cu 2+ complex. be repeated more than five times by modulating the addition of Cu 2+ /S 2-, indicating that HHWH can be developed as a reversible fluorescence chemosensor for Cu 2+ .
Assay of the concentration of Cu 2+ in real water samples To gauge the ability of HHWH probe for real sample analyses, concentrations of free Cu 2+ in different water samples were measured with HHWH. The concentrations of Cu 2+ in tap water, domestic water, and Baisha Well water were determined as 0.08, 0.05, and 0.16 μM, respectively (Table 1) , which were consistent with the concentrations evaluated using the AAS, suggesting that the method used in this study was accurate, and could be straightforwardly implemented for the assay of free Cu 2+ in environmental samples.
Conclusions
This study successfully developed a label-free peptide fluorescent probe for selective and sensitive detection of the concentration of Cu 2+ in aqueous solutions. The concentration of Cu 2+ can be detected by monitoring the decreases in the fluorescence intensity of HHWH. The decrease in a fluorescence intensity is attributed to the binding of Cu 2+ to HHWH. The method is highly sensitive and selective, and yields a linear range of 10 nM to 10 μM with a detection limit of 8 nM for Cu 2+ . Moreover, the reversibility of the fluorescence intensity of HHWH can be achieved with the addition of S 2-. The feasibility of this method for real sample analysis is demonstrated by determining the concentration of Cu 2+ in real water samples, which was confirmed using AAS. 
